In BALF study, we also used the 5 mice for each experimental group.
The studies adhered to the National Institutes of Health guidelines for the care and handling of experimental animals. All animal studies were approved by the Institutional Review Board.
In Vivo ESR Spin-Trapping Studies Mice were treated with bleomycin or saline as shown in Animals and Treatments. The lungs were homogenized in 2.5 ml of 2 : 1 chloroform : methanol, 0.5 ml of 10 mM deferoxamine, 2 ml of 1.2 mM ultrapure phenol, and 2 ml of deionized water using a homogenizer (Fisher Scientific PowerGen 125) in an ice bath. The 2,2Ј-dipyridyl was used to inhibit ex vivo ferrous-dependent reactions. The phenol was used as an antioxidant to protect from ex vivo oxidation.
To the homogenate obtained above, 16 ml of 2 : 1 chloroform : methanol were added and the resulting sample was shaken, then centrifuged at 2000 rpm for 10 min (Beckman TJ-6) as described previously. 17, 18) The chloroform layer was isolated and dried by passing through a sodium sulfate column. The solvent was evaporated to 0.5 ml of solution by bubbling with N 2 . Immediately after solvent evaporation, ESR spectra were recorded at room temperature using a quartz flat cell in a Bruker EMX EPR spectrometer equipped with a super high-Q cavity. Spectra were recorded on an IBM-compatible computer interfaced with the spectrometer with instrument settings of 9.79 GHz, 20.2 mW microwave power, 100 kHz modulation frequency, 1300 ms conversion time, and 655 ms time constant. The simulation of ESR experiment spectra was performed via a computer optimization procedure. 19) In Vitro ESR Spin-Trapping Study Lipid-derived free radical from bleomycin was measured by the reaction of bleomycin (final concentration, 1 mM) was reacted in the mixture (total volume 2 ml) containing linoleic acid (500 mM), FeCl 3 (50 mM), POBN (10 mM) with or without deferoxamine (100 mM) in sodium phosphate buffer (50 mM, pH 7.5).
To 2 ml of the reaction mixture, 4 ml of 2 : 1 chloroform : methanol were added and the resulting sample was shaken, then centrifuged at 2000 rpm for 10 min (Beckman TJ-6). The chloroform layer was isolated and dried by passing through a sodium sulfate column. The solvent was evaporated to 0.5 ml of solution by bubbling with N 2 .
ESR measurement was performed by the same condition as in vivo study. Broncho-alveolar lavage fluid (BAL fluid) and cell counts in BAL fluid.
Three injections and aspirations with 1 ml of sterile icecold saline containing 1 mM EDTA were used to collect the BAL fluid in the mice. The lavage fluid was injected gently and then aspirated three times by syringe as described previously. 20) Cells counts from fresh BAL fluid were determined by using a hemocytometer, and differential cell counts were performed by cytospin (Thermo Shandon) on 500 cells from BAL fluid with a modified Wright's stain.
Statistical Analysis Data are expressed as meanϮS.D. for all analyses in which mean values were compared. Student's t-test or repeated measure analysis of variance (ANOVA) test was used for two-group comparisons. A p value of less than 0.05 was considered statistically significant.
RESULTS
Six hours after administration of bleomycin, six-lined ESR spectra could be detected in sample of bleomycin-instilled mice (Fig. 1B) . The injection of saline instead of bleomycin resulted in a smaller signal (Fig. 1A) . The signal intensities of POBN spin adduct in the system of bleomycin-treated lung were significantly increased than that of saline-treated lung by statistical test (Fig. 2) . We also confirmed the production of lipid-derived free radical with dose dependent manner of bleomycin (0.15-1.5 mg/kg mice) in vivo (data not shown).
Our detected spectrum was simulated using a computer program developed in this laboratory. The hyperfine coupling constants (HFC) for the POBN radical adducts were a N ϭ14.98Ϯ0.09 G and a b H ϭ2.43Ϯ0.05 G. Comparing with previous paper, our detected radical was determined as a lipid-derived free radical 11, 17) (Table 1 ). Six hours after intratracheal (IT) instillation of bleomycin, inflammatory response was confirmed by BALF analysis of neutrophil infiltration and increasing cells counts of bronchoalveolar lavage fluid. The volumes of BAL recovered were 2.58Ϯ0.18 ml for the control and 2.49Ϯ0.22 ml for the blomycin instillation group. In BALF of bleomycin-IT mice group, neutrophil counts significantly increased ( pϽ0.05) than that of in control group (Fig. 3) . We evaluate the effect of deferoxamine, an iron chelator, in the production of lipid- Bleomycin was instilled intratrachealy in mice. Five hours after instillation of bleomycin, POBN was instilled intraperitoneally. Six hours after instillation of bleomycin, mice were killed and extracted the lung for free radical production using ESR spin trap with organic extraction as described in Methods. (A) ESR spectrum from lung of control mice with saline intratracheal instillation. (B) ESR spectrum of POBN radical adduct(s) detected in lipid extracts of lung 6 h after intratracheal instillation of bleomycin and 1 h after intraperitoneal administration of POBN. derived free radical in this model. The volumes of BAL recovered were 2.50Ϯ0.21 ml for the bleomycin instillation and 2.52Ϯ0.24 ml for the bleomycin instillation group with deferoxamine pretreatment. Deferoxamine decrease the production of lipid-derived free radical by 72.4%. Interestingly, pathophysilogical findings such as free radical production and airway inflammation were also improved by deferoxamine treatment (Figs. 4A, B) . We confirmed the bleomycin/ iron-dependent free radical production in vitro. Lipid-derived free radical was observed by the reaction of bleomycin, linoleic acid, and iron chloride using ESR spin trap method with organic phase extraction (Fig. 5B) . Without iron, the intensity of lipid-derived free radical was very small (Fig. 5A) . Lipid-derived free radical produced by bleomycin, linoleic acid, and iron chloride was reduced by the addition of deferoxamine as the same as in vivo study (Fig. 5C) . The relative intensity of lipid derived free radical were 2.1Ϯ0.3 mm for the bleomycin (nϭ4), 28.2Ϯ0.6 mm for the bleomycin plus iron (nϭ4), 3.5Ϯ0.5 mm for the bleomycin plus iron plus deferoxamine (nϭ4). The lipid-derived free radical was decreased with dose dependent-manner of deferoxamine (data not shown). As in vivo study, the concentration of deferoxamine in tissue might be lower than that of in vitro experiments, the inhibitory potential of free radical production might be weaker than that of in vitro study.
DISCUSSION
In the present paper, we have a direct evidence of bleomycin-induced lipid-derived free radical production in mice lung in vivo using ESR spin tarp method with organic extraction. The pathophysiological findings such as lipid-derived free radical production and airway inflammation were also improved by the addition of deferoxamine in vivo. In the mechanism of bleomycin-induced free radical production, there were several pathways to produce the radical. Hay J. G. BAL fluid of mice lung treated with or without intratracheal bleomycin instillation was perfused by three injections with 1 ml of sterile ice-cold saline containing 1 mM EDTA (inhibiting agent for cell aggregation). White blood cells from BAL fluid were determined using a hemocytometer, and differential counts were performed on 500 cells stained with modified Wright stain (nϭ4) as described in Methods.
Fig. 4. Effect of Deferoxamine on the Free Radical Generation in Mice Lung Treated with Intratracheal Bleomycin
The mice were pretreated with or without deferoxamine (50 mg/kg, intraperitoneally 12 h and 2 h before bleomycin instillation). (A) The intensity of the ESR signals with (nϭ6) and without (nϭ6) deferoxamine treatment in rat lung treated with bleomycin. ESR measurement was perfomed as described in Methods. (B) Effects of deferoxamine pretreatment on total cell, alveolar macrophages (AMfs) and neutrophil counts. Broncho-alveolar lavage fluid of rat lung treated with or without deferoxamine was perfused by three injections with 1 ml of sterile ice-cold saline containing 1 mM EDTA (nϭ4). BALF and cell analysis was performed as described in Methods.
Fig. 5. ESR Study for Bleomycin-Dependent Free Radical Production in Vitro
In vitro lipid-derived free radical from bleomycin was measured by the reaction of bleomycin (final concentration, 1 mM) was reacted in the mixture (total volume 2 ml) containing linoleic acid (500 mM), with or without FeCl 3 (50 mM), with or without deferoxamine (100 mM) in sodium phosphate buffer (50 mM, pH 7.5). (A) ESR spectra from the reaction mixture contained 1 mM bleomycin and 0.5 mM linoleic acid in 40 mM sodium phosphate buffer at pH 7. et al. reported ferric iron can cause bleomycin induced lung injury. 13) On the other hand, bleomycin intratracheal administration caused neutrophil infiltration to air spaces, and then these neutrophil might produce free radical source to do lipid peroxidation as evaluated by increasing cell counts of neutrophil in bleomycin administration. In previous in vitro study, bleomycin-iron produced hydroxyl radical, thiyl radical, and superoxide anion by ESR method. 21, 22) However, there has not been elucidated in vivo free radical production. In belomycin induced lung injury, there might be several pathways to produce lipid-derived pathway, hydroxyl radical, superoxide, thiyl radical, nitric oxide etc. which were produced by bleomycin-iron directly, xanthine oxidase from endothelial cell or epithelial cell, and NADPH oxidase and nitric oxide synthase from phagocyte. 11, 12) And then these radicals could cuase lipid-derived free radical production in vivo. Using this method, the exact mechanism of free radical production by bleomycin in vivo should be confirmed in further examination. Previously, we reported that NADPH oxidase from infiltrated neutrophil has an important role to produce the lipid-derived free radical in LPS-induced acute lung injury model using NADPH oxidase knockout mice.
11) Lipid derived free radicals can cause tissue injury via protein damage 23, 24) whose protein is polymerization as a results from the free radical chain reaction of lipid peroxidation.
Deferoxamine is a chelating agent for iron and other metals. In inflammatory lesions, iron catalyzes lipid peroxidation. Here deferoxamine had a protective effect on lung injury via decreased production of metal-catalyzed free radicals. Deferoxamine has the potential to inhibit tissue injury by chelating iron, thereby inhibiting lipid peroxidation and free radical formation. 15) On the other hand, in our in vitro study, lipid-derived free radical from the mixture of bleomycin, iron, linoleic acid was significantly inhibited by the addition of deferoxamine to inhibit bleomycin-iron complex. Deferoxamine could not only to inhibit the formation of bleomycin-iron complex, but also inhibit the superoxide derived iron catalyzed Fenton type reaction to produce the lipid-derived free radical. When we used deferoxamine to inhibit the free radical production, deferoxamine might have a potential as an anti-inflammatory agent via inhibition of transcriptional factor activation (NF-kB or AP-1). NF-kB or AP-1 are well known as redox-responsive transcription factors to express and produce the pro-inflammatory cytokines e.g., activated by various free radical. 26) In the model of bleomycininduced lung injury, these transcriptional factors play important roles in inflammation of lung. 27, 28) Therefore, deferoxamine could decrease the neutrophil infiltration to the air space. In the most important point, parallel to decrease the lipid-derived free radical signal by deferoxamine treatment in vivo and in vitro study, the pathophysiological findings were improved by the addition of deferoxamine. On the basis of theses findings, the improving mechanism of deferoxamine in vivo might be dependent on both of deferoxaimine chelating iron catalyzed reaction and deferoxaimine reducing action of inflammatory response related to neutrophil activation in bleomycin induced lung injury model. More detailed experimental research is necessary on this point. These results indicated that our detected lipid-derived free radical might play an important role in the pathogenesis of lung injury caused by bleomycin.
Antioxidative agents have various effects in the pathogenesis of bleomycin-induced injury. Teixeira K. C. et al. reported that N-acetylcysteine plus deferoxamine attenuated oxidative stress in bleomycin-induced injury in mice. 28) El-Khatib AS confirmed that NO had protective role in bleomycin-induced injury using L-NAME. 29) Glutathione also had important role as an antioxidant in bleomycin-induced injury. 30) However, these papers did not report the influence of antioxidative agents in free radical production directly by ESR. Therefore, the exact mechanism of free radical production in bleomycininduced injury could be evaluated using our ESR spin-trapping method in further study.
In conclusion, we presented the in vivo detection of free radical in bleomycin-induced lung injury model using ESR spin trapping methods with POBN. This is the first paper of in vivo direct evidence of production of free radical from intratracheal bleomycin induced lung injury. It is suggested that this method may be used in many kinds of lung disease models, which have potentials of free radical production to cause lung damage.
